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ABSTRACT In this paper, a tunable triband frequency selective surface unit cell based on varactor-loaded
split ring slots is presented. By using the third resonant mode, a considerable mutual coupling reduction
between adjacent ring slots is obtained ensuring both close band response as well as independent band tuning.
Simulated results show the tunable properties of the proposed approach by shifting the three passbands
resonant frequencies from 8.368, 10.276, and 12.010 GHz (for the unloaded split ring slots), to 7.732, 9.202,
and 10.900 GHz, respectively, when each split ring slot is loaded with a capacitance of 140 fF. Furthermore,
the metal shorts that split the ring slots as well as the metal rings located in between the slots are used to
build the conducting paths to bias each varactor withminimum disruption in the RF response. A demonstrator
based on an X-band diaphragm was designed, fabricated, and experimentally tested. Measured results using
a varactor with capacitance range of 30-65 fF show resonant frequencies for the unbiased varactors at 8.53,
9.70 and 11.47 GHz with insertion loss of 1.1, 2.3 and 2.4 dB, respectively, while biasing the diodes at
maximum reverse voltages (24 V) provides resonant frequencies at 8.74, 10.03 and 11.77 GHz with insertion
loss of 0.8, 1.4 and 1.7 dB, respectively. Frequency shifts of 210, 330 and 300 MHz for the first, second and
third resonant frequencies were obtained, respectively. The −10 dB reflection coefficient bandwidths were
495 MHz for the first band, 436 MHz for the second band and 418 MHz for the third band. Close band
response is verified obtaining frequency band ratios of 1.18 and 1.14 for the third to the second resonance,
and for the second to the first resonance, respectively.

INDEX TERMS Frequency selective surfaces, split ring resonators, mutual coupling.

I. INTRODUCTION
For the last few decades, active frequency selective surfaces
(AFSSs) have been investigated due to the ability to reconfig-
ure or tune their response when adapting their characteristics
for telecommunications or radar requirements [1], [2]. A pas-
sive frequency selective surface (FSS) is a 2-dimensional
periodic array of constitutive geometric elements such as
metallic features printed on a dielectric slab or apertures
etched from a conducting layer with bandstop or bandpass
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characteristics. Moreover, the addition of active control ele-
ments to the FSS allows the reconfiguration of its response to
adjust it dynamically to the challenging conditions required in
advanced wireless communication systems or radar applica-
tions. Therefore, AFSSs are an attractive solution to enhance
flexibility, security, and efficiency of the upcoming genera-
tions of wireless communication systems [3]–[7].

Recently, multiband FSSs have been developed by
virtue of their versatility in multifrequency/multistandard
system implementations [8]–[13]. Often, multiband com-
munication systems use channels or services that are
closely spaced in frequency. Nowadays multiple X-band
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systems are deployed in urban areas. Point-to-point and
point-to-multipoint telecommunication systems operate at
10.75-11.25 GHz, weather radars occupy 9.3-9.5 GHz band,
and 11.45-11.70 GHz frequency band is destined to ensure
downlink in satellite communications. Frequently, urban
areas include airports where precision approach radars, air
traffic control radars and perimeter security radars also oper-
ate at X-band. The main difficulty in this case consists in
the fact that the required AFSS should form multiple closely
spaced tunable transmission and reflection bands.

Furthermore, with the trend of coexistence and interop-
erability between different standards and systems, and with
the new arrival of 5G systems with their harmonic con-
tent, the evident problem of electromagnetic compatibility
at X-band can be resolved by using an AFSS that can
adapt its frequency characteristics according to the dynam-
ically changing operating scenario. Therefore, the use of
electronically reconfigurable FSSs with closely situated pass-
bands and stopbands can be used beneficially in multi-
band systems preventing Electromagnetic Interference (EMI)
between radar and satellite communication antennas [14],
interference control in indoor wireless environments [15],
and coupling reduction between multiband Multiple-Input
Multiple-Output (MIMO) antennas [16].

Different design approaches have been published to obtain
FSS with multiple closely spaced bands. These methods
include geometries with convoluted patterns, unit cells iso-
lated with a Faraday cage structures, composite resonant
elements, and multilayer designs [17]–[24]. The simplest
approach is to conform a FSS unit cell with concentric loop
geometries, obtaining a multi-resonant element. However,
one of the problems of this approach is the strong mutual
coupling between the tightly packed loops contained in the
unit cell that degrades the FSS performance.

The tunability of AFSS can be obtained by different means.
Traditionally, varactor diodes, micro-electromechanical sys-
tems (MEMS) and magnetic components have been used as
control devices to modify the scattering parameters of the
AFSS [25]–[27]. For faster response and better reliability,
electronic devices are usually preferred over the other tech-
nologies. Therefore, varactor diodes embedded in a multi-
band FSS unit cell have been successfully employed as tuning
devices to obtain a tunable multiband response.

Split rings and split ring slots have been used to develop
tunable microwave circuits [28], [29], compact metamaterial
structures [30], [31], as well as single band tunable FSSs [32].
Also, concentric split ring slots have been used to obtain
a tunable dual-band AFSS. In [33], a varactor-loaded tun-
able dual band AFSS using the first resonant mode of com-
plementary split rings was presented. This approach based
on the fundamental resonant mode is convenient when the
physical separation of the two slots is not too small, which
corresponds to two passbands that are not closely located
in the frequency domain. However, when the proximity of
the slots reduces, a considerable mutual coupling between
ring slots arises thus preventing the close separation between

the resonant frequencies of the multiband FSS. Other inde-
pendently tunable multiband FSS have been proposed in the
literature. In [34] a Terahertz FSS with three passbands based
on a Hybrid Metal-Graphene structure that can be tuned by
inserting graphene strips between metal patches was pre-
sented. The main drawback of this approach is the fabrication
complexity. Next, an AFSS with a unit cell containing two
cross strips with different dimensions encircled with high
pass grids was proposed in [35] to obtain two independently
tunable passbands. Later, a varactor-loaded dual-band AFSS
based on cross-diagonals terminated with square loops was
reported in [36]. This FSS exhibits independent tuning of the
two stopbands with wideband response.

Further from the previous efforts, this paper proposes two
main advances. The first one is the usage of the third resonant
mode of the split ring slot resonators instead of the fundamen-
tal resonant mode. This third mode allows the reduction of
the mutual coupling between the densely packed resonators
to ensure closely spaced resonant frequencies with the capa-
bility of independent tuning. The second development is the
design of the biasing network needed to independently con-
trol the three active devices in the unit cell with low disruption
in the microwave regime. As a result, a triple-band AFSS unit
cell based on varactor-loaded split ring slots, optimized for
independent band tuning operation and close band response,
is presented. To the best of the authors’ knowledge, this is
the first time that an independent tunable triband FSS unit
cell with close band response is presented. The proposed
geometry allows the efficient loading of the AFSS unit cell
using only one varactor for each ring slot and is also well-
suited for integration with the low disruptive bias circuits
required to control the tunable response of each band.

A possible scenario for the proposed AFSS includes the
situation when a perimeter security airport radar operating
within 9.75-10.00 GHz frequency range and an air traffic
control radar occupying 8.5-8.75 GHz frequency range share
the same airport tower. The nearby urban area with high-
rise buildings extensively uses X-band point-multipoint links
deployed at 10.75-11.25 GHz, causing interference for the
tower radars operations. Additionally, weather radar oper-
ating at 9.3-9.5 GHz is used for local weather forecasting
and severe weather warnings. Even typical for urban areas,
L-band 4G LTE mobile communication systems generate
spurious interference at X-band affecting the radar data qual-
ity of X-band radars [37]. Within the above-mentioned com-
plicated and highly dynamic scenario, the main task for the
proposed AFSS is to ensure narrow electronically adjustable
transmission bands within 8.5-8.75 GHz and 9.75-10.00 GHz
for tower radars while dynamically providing deep reflection
bands for weather radar carriers and interferences caused by
point-multipoint links at 9.3-9.5 GHz and 10.75-11.25 GHz
frequencies, respectively. Moreover, the proposed AFSS
ensures tunable narrow transmission bands for communica-
tion satellites operating at 11.45-11.7 GHz frequency bands.

This paper is organized as follows: The operation principle
of the triband AFSS is described in section II. The design
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methodology of an X-band AFSS unit cell is presented in
section III. The fabrication process is explained in Section IV,
while section V details the experimental validation for differ-
ent biasing conditions that enable different operating modes.
Finally, section VI presents the conclusion and remarks.

II. PRINCIPLE OF OPERATION
The unit cell of the proposed AFSS is presented in Fig. 1(a).
In this design, we use three concentric ring slots with a metal-
lic short that splits each ring slot to obtain three operating
bands. It consists of three concentric split ring slot resonators
with medium radii of r1, r2 and r3, and slot width of w. The
orientation of the metal short in each ring slot is alternated by
180◦ with respect to the nearest ring. The angular positions
of the shorts of the outer, middle, and inner ring slots are
located at 90◦, 270◦ and 90◦ with respect to the x- axis,
respectively. Each ring slot has one metal short of width g
and is loaded with a varactor diode Di, where i is an index to
distinguish each diode. The FSS elements are located at the
nodes of a rectangular lattice with periods b and d in the x
and y directions, respectively. A dielectric slab with dielectric
permittivity of εr and thickness of h is used to support the
AFSS as shown in Fig. 1(b).

FIGURE 1. AFSS based on three concentric complementary split rings. a)
Unit cell geometry, and b) 2-dimensional AFSS.

A. MUTUAL COUPLING OF CLOSELY-PACKED
CONCENTRIC RING SLOTS
Initially, to illustrate the effect of the strong mutual coupling
of the fundamental resonant modes in the nested unsplit ring
slots, the unloaded FSS with only one unsplit ring slot res-
onator per unit cell was analyzed. Then, the reflection coef-
ficient of three different FSS unit cells denoted by FS1, FS2
and FS3 containing a single unsplit resonator with medium
radii of the slots of 4.8, 4.25 and 3.7 mm, respectively, and
slot width of 0.3 mm were simulated. All unit cells with
b = d = 10.8 mm are patterned on a substrate with dielectric
permittivity of 10.2 and thickness of 0.13 mm. This infinite
periodic structure is free of grating lobes up to 13.9 GHz.
The reflection coefficient for the scattering of the y- polarized
normally-incident wave on the infinite FSS is evaluated using
the full-wave frequency-domain solver within CST Studio
Suite. The scattering of the wave reveals the appearance of
the resonant frequencies at 6.41 GHz for FS1, 7.65 GHz for
FS2, and 8.93 GHz for FS3 as shown in Fig. 2. Therefore,

FIGURE 2. Simulated reflection coefficient magnitudes for three FSS unit
cells with single ring slots and a FSS unit cell with three concentric ring
slots.

the ratio between the lowest and the highest resonant fre-
quencies is 1.39, which approximately corresponds to the
ratio of 1.30 between the medium radii of the largest and
the smallest rings. However, the simulation of the FSS with
a unit cell that contains all three unsplit resonators for the
above-mentioned medium radii (3-FS) reveals that the res-
onant frequencies have been changed. These new resonant
frequencies are 5.51, 6.57 and 9.70 GHz. The resulting ratio
between the highest and the lowest frequencies now is 1.76,
that is significantly higher as compared with the calculated
ratio for the FSSs with single resonators. This fact reveals a
severe mutual coupling between all three closely-packed ring
slot resonators. It is recognized from the theory of coupled
circuits that strong mutual coupling between two resonant LC
circuits with slightly different resonant frequencies result in
a transmission characteristic with two maximums spreading
farther apart, and the difference between the frequencies of
these maximums is substantially larger than the difference
between the self-resonant frequencies of the uncoupled res-
onators.

Thus, the change in fmax/fmin ratio can be used to evaluate
the mutual coupling between resonators. The main effect of
the coupling of these contiguous ring slots is that the separa-
tion between their resonant frequencies increases, complicat-
ing the close-band design.

B. MUTUAL COUPLING OF CLOSELY-PACKED
CONCENTRIC SPLIT RING SLOTS, FUNDAMENTAL AND
THRID ORDER RESONANT MODES
Next, the mutual coupling of closely-located split ring slots
is studied. To observe the effect of the mutual coupling one
can compare the case of unit cells with a single split ring
slot with the response of the unit cell with three concentric
rings slots. Thus, three FSSs denoted by sFS1, sFS2 and sFS3
with unit cells containing a single split ring slot resonator
with medium radii of 4.8, 4.25 and 3.7 mm, respectively,
slot width w of 0.3 mm, and metal short width g of 0.3 mm
have been simulated assuming the vertical polarization of
the incident wave. The simulation of the infinite FSSs in a
wide frequency range shown in Fig. 3 reveals two resonant
frequencies for each FSS corresponding to the fundamental
(low resonant frequencies) and the third (high frequencies)

105566 VOLUME 9, 2021



H. Fabian Gongora et al.: Independently Tunable Closely Spaced Triband FSS Unit Cell

FIGURE 3. Simulated reflection coefficient magnitudes for three FSS unit
cells containing a single concentric unsplit ring slots and a FSS unit cell
having three concentric split ring slots.

resonant modes. These resonant frequencies are respectively
3.15 and 9.26 GHz for sFS1, 3.6 and 10.8 GHz for sFS2,
and 4.12 and 12.46 GHz for sFS3. As expected, the resonant
frequencies of the third modes are approximately three times
higher than the resonant frequencies corresponding to the
fundamental resonant modes for all FSS containing a single
ring slot resonator with one short. Furthermore, the ratios
between the highest and the lowest resonances for the third
resonant mode and the first resonant modes are 1.35 and 1.31,
respectively, in accordance with the ratio between medium
radii of the largest and smallest rings as shown in Table 1.

TABLE 1. Frequencies and frequency ratios of different FSS unit cells.

The addition of a single short to the ring slot leads to
the reduction of the resonant frequency of the fundamental
mode approximately by half [38]. For this fundamental mode,
a perimeter of the ring slot is approximately equal to λ/2,
where λ is the wavelength at the resonant frequency. The
resonant frequency of the second resonant mode is the same
as the resonant frequency of the fundamental mode of the
unsplit ring slot resonator. For this case, the maximum of the
electric field in the ring slot appears on the orthogonal axis
with respect to the short of the ring slot and the perimeter of
the ring slot is approximately equal to λ.
The third resonant mode of the ring slot resonator with

one short corresponds to the case when the perimeter of the
ring slot is approximately equal to 3λ/2 at the correspon-
dent resonant frequency. Therefore, for a linearly polarized
normally-incident wave with electric vector aligned to the
short, the presence of a single metal short also leads to the
appearance of an additional transmission band with resonant
frequencies increased by a factor 1.5 as compared with reso-
nant frequencies corresponding to the fundamental mode of
the unsplit ring slot resonators.

Finally, the unit cell with three concentric split ring slots
(3sFS) with medium radii of 4.8, 4.25 and 3.7 mm is ana-
lyzed. The simulated characteristic reveals two groups of
three resonant frequencies as shown in Fig. 3. The lower
frequency group corresponds to the fundamental resonances
of the coupled system of split ring slot resonators. The res-
onant frequencies in the lower frequency group are 2.42,
3.25 and 4.51 GHz. The ratio between the highest and the
lowest frequency is 1.86, which is almost the same as in the
case of the FSS with the unit cell that contains three unsplit
ring slot resonators. Fig. 4 shows the electric field and surface
current distributions in the FSS unit cell for the first resonant
mode. One can still observe a strongmutual coupling between
the split ring slots as the electric field and surface currents are
heavily excited in more than one ring slot.

FIGURE 4. Electric field intensities (upper) and surface current densities
(bottom) of the three concentric split ring slots for the fundamental
resonant mode at 2.42, 3.25 and 4.51 GHz.

The resonant frequencies of the higher frequency group,
corresponding to the third resonant mode, are 8.75, 10.06
and 11.85 GHz. The ratio between the highest and the lowest
frequencies is 1.35 and corresponds to the ratio between
the medium radii of the largest and the smallest ring slot
resonators, which clearly indicates a strong suppression of
the mutual coupling. Therefore, by using the third resonant
modes, instead of the fundamental modes, the frequency band
ratios of two adjacent split ring slot resonators are small,
allowing their resonances to be closely spaced. All these
previous results are summarized in Table 1.

The moderate (less than 10%) decrement in the resonant
frequencies as compared with the resonant frequencies cal-
culated for single split slot resonators can be explained from
the modified geometries. For instance, the inductances in
the equivalent circuits are higher for the unit cell with three
resonators due to the thinner metal features. Thus, it can
be concluded that the usage of the third resonant mode in
the coupled system of split ring slot resonators ensures a
significant suppression of the mutual coupling.

This effect can be also explained from the particularities
of the electric field distribution in the system of split ring slot
resonators with opposite positions of the shorts: the maxima
of the electric field in the resonating ring correspond to the
minima of electric field in the adjacent non-resonating split
rings as shown in Fig. 5. One can observe, for the outer split
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FIGURE 5. Electric field intensities (upper) and surface current densities
(bottom) of the three concentric split ring slots for the third resonant
mode at 8.75, 10.06 and 11.85 GHz.

ring slot, three maxima of the electric field located at 90◦,
210◦ and 330◦ with respect to the x-axis, while for the middle
ring the three maxima of the electric field are located at 30◦,
150◦ and 270◦.
The effective redistribution of the resonant surface currents

at the vicinity of the shorts in distant regions within the
unit cell is also observed. The surface electric currents are
displayed in Fig. 5 for each of the resonant frequencies of
the multiband response. One can observe that the concentra-
tions of the surface currents along the borders of the metal
shorts occur at different locations in the unit cell. Indeed,
the electric current for each resonant frequency is concen-
trated in three sections: one near the metal shorts and the
other two at approximately ±120◦ apart from the angular
position of the short. Therefore, by alternating the angular
positions of the metal shorts in two contiguous ring slots
by 180◦ (locating the shorts on the opposite sides of the
two contiguous ring slots), a negligible mutual coupling is
effectively obtained, enabling closely spaced resonant fre-
quencies. The above-mentioned effect has been used in this
work to obtain an independent tuning of the closely spaced
resonant frequencies with the help of varactors installed on
the opposite side of the short that splits each ring slot.

For the case of y- polarization of the incident wave and
the third resonant mode of the AFSS unit cell, the resonant
frequencies are shifted upward and, due to the decrease of
the mutual coupling, the frequency spacings between the new
resonant frequencies are reduced as compared to the case of
the three unshorted ring slots. As the electric and magnetic
fields related to each resonance are now spatially separated
within the unit cell, independent band frequency tuning can
be obtained by reactive loading of each ring slot with a
varactor diode. It is important to mention that the metal shorts
splitting each ring slot also provide the convenient conducting
paths for the integration of the low-disruptive DC bias circuits
required to bias each varactor diode independently.

III. TUNABLE FSS UNIT CELL IN X-BAND
A triband FSS unit cell based on loaded split ring slots to
operate in X-band was analyzed. The design of the FSS unit
cell starts by optimizing the radii of the split ring slots to

ensure close band response with low insertion loss in the
transmission bands and high isolation in the reflection bands.
The resonant frequencies of the outer, middle, and inner ring
slots correspond to the lower, middle, and upper bands of
the design. Next, each ring is loaded by an impedance that
corresponds to a capacitance Cv connected in parallel with a
resistance R. This capacitance is varied to analyze the tuning
properties of the FSS unit cell. In this design, a dielectric
substrate with a dielectric permittivity of 11.2, a dielectric
thickness of 130 µm, and a loss tangent of 0.0023 was
considered. Note that the high value of dielectric permittivity
is used to miniaturize the unit cell. These optimizations were
completed using the frequency-domain solver in CST Studio
Suite R©. The sizes of the optimized unit cell geometry are
given by b = d = 10.16 mm, r1 = 4.70 mm, r2 = 3.40 mm,
r3 = 3.95 mm, g = 0.3 mm, and w = 0.2 mm. The optimized
infinite periodic structure is free from grating lobes up to
14.76 GHz.

The simulation calculates the scattering of the normally-
incident y-polarized wave on the AFSS assuming unit cell
boundary conditions in the x- and y- directions. Initially, one
can consider that three loading capacitances vary simultane-
ously with the same rate. The computed reflection and trans-
mission coefficient magnitudes for different loading cases
(R = 10 k� and Cv varying from 0 to 140 fF) are shown
in Fig. 6(a)-(b), respectively. One can observe that three
resonances located at 7.732, 9.202 and 10.900 GHz can
be tuned up to 8.368, 10.276 and 12.010 GHz by varying
the capacitances from 140 to 0 fF. The frequency variation
of the first, second and third resonances are 636, 1074,
and 1110 MHz, respectively, corresponding to tuning ranges
of 7.9 %, 11 %, and 9.7%, respectively.

FIGURE 6. Simulated a) reflection, and b) transmission coefficient
magnitudes considering a variable capacitance (0 to 140 fF) in the loading
impedance for the case of synchronized tuning.

Secondly, the independent tuning of the FSS unit cell was
evaluated. The simulations were performed varying only one
impedance of the tunable split ring slot while setting the other
two untuned split ring slots to 0 fF. Figs. 7(a)-(b), 8(a)-(b)
and 9(a)-(b) show the reflection and transmission coefficient
magnitudes for the cases of the independent tuning of the
outer, middle, and inner split ring slots, respectively. The
independent tunable properties of the third resonant mode
are observed. Note that these tuning ranges do not affect
the contiguous passbands, in other words, the shifts in the
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FIGURE 7. Simulated a) reflection, and b) transmission coefficient
magnitudes considering a variable capacitance (0 to 140 fF) in the loading
impedance for the case of independent tuning of the outer split ring slot.

FIGURE 8. Simulated a) reflection, and b) transmission coefficient
magnitudes considering a variable capacitance (0 to 140 fF) in the loading
impedance for the case of independent tuning of the middle split ring
slot.

FIGURE 9. Simulated a) reflection, and b) transmission coefficient
magnitudes considering a variable capacitance (0 to 140 fF) in the loading
impedance for the case of independent tuning of the inner split ring slot.

resonant frequencies do not overlap or interfere with the other
two operating bands.

A. EQUIVALENT CIRCUIT MODEL
Based on the previous results, an equivalent electrical circuit
model (ECM) for the third resonant mode is obtained. Due to
the electric field intensities and surface current distributions
observed at resonant frequencies in Fig. 5, each loaded split
ring slot can be modeled as shown in Fig. 10(a). The induc-
tances Lr and Ll are due to the electric currents that flow at the
right and left part of the split ring slot, respectively, while the
inductance Ls is due to the electric current that flow through
the metal short that splits the slot. The upper inductance Lu
and lower inductance Ld exist due to the currents flowing in

FIGURE 10. Third resonant mode’s equivalent circuit model of the FSS
unit cell. a) schematic of the FSS unit for an unloaded single split ring
slot, and b) ECM of the loaded three band FSS unit cell.

the metal at the upper and lower part of the unit cell. The
capacitancesCo,Cr , andCl are due to the electric field stored
in the slot with maximum intensities at the angular positions
of 90◦, 210◦ and 330◦ from the x-axis, respectively. Due
to the high reduction of the coupling between adjacent split
ring slots, one can approximate the total ECM of the three
concentric loaded split ring slots by connecting in series three
uncoupled circuits as shown in Fig. 10(b). Considering the
symmetry of the unit cell, Le is the parallel connection of Lr
and Ll , while Ce is the parallel connection of Cr and Cl . Lm is
the series equivalent of Lu and Ld . In this circuit, the model
of a varactor diode that consists of a parallel connection of
a capacitance Cv and a resistor R, is connected in parallel
to the capacitance Co. The values of these parameters were
fine-tuned using ADS Keysight Pathwave R©. The parameters
of the ECM for the X-band FSS in free space are given by
Co1 = 700 fF, Co2 = 1010 fF, Co3 = 1323 fF, Ce1 =
18 pF, Ce2 = 14 pF, Ce3 = 13.2 pF, Le1 = 0.540 nH,
Le2 = 0.256 nH, Le3 = 0.148 nH, Ls1 = 0.160 nH, Ls2 =
0.150 nH, Ls3 = 0.150 nH, Lm = 0.150 nH, Rv1 = 2.9 k�,
Rv2 = 1.6 k�, and Rv3 = 1.2 k�. Fig. 11(a)-(b) show the
comparison of the reflection coefficient magnitudes obtained
with the full-wave solver and the ones obtained by the ECM
considering the maximum (65 fF) and minimum (30 fF)
values of the varactor diode used in the demonstrator, respec-
tively. A good agreement can be observed.

The scattering of the TE incident plane wave with oblique
angular incidence is also studied. The reflection coefficients
for incident azimuthal angle φ0 = 0◦, Cv = 65 fF, and
different incident elevation angles θ0 are analyzed and shown
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FIGURE 11. Simulated reflection coefficient magnitudes for the full-wave
solver and the ECM considering the a) maximum value (65 fF), and b)
minimum value (30 fF) of the varactor’s capacitance used in the
demonstrator.

in Fig. 12. One can observe good angular stability for incident
elevation angles up to 30◦.

FIGURE 12. Simulated reflection coefficient for different incident
elevation angles of θ0. The azimuthal angle ϕ0 is 0◦ and Cv = 65 fF for all
cases.

IV. ACTIVE FSS UNIT CELL FABRICATION
An active diaphragm containing a varactor-loaded three
concentric complementary split ring slots was designed, fab-
ricated, and mounted at the cross-section of a WR-90 waveg-
uide for experimental validation of the operation principle
using the waveguide simulator method. Therefore, the AFSS
unit cell dimensions are modified to match the dimen-
sions of the standard WR-90 rectangular waveguide. Thus,
b = 22.86 mm and d = 10.16 mm correspond to the new
FSS unit cell sizes. The geometry sizes of the ring slots are
the same as the ones optimized in section III. The concentric
split ring slots were etched on the copper cladding of a
microwave friendly substrate. The 0.130 mm-thick Rogers
R©RO3010 substrate (εr = 11.2, tanδ = 0.0023) was used for
the diaphragm fabrication. To ensure an independent tuning
for each of the ring slots, individual bias lines were formed
to bias each varactor diode using a metal-insulator-metal
fabrication process based on Benzocyclobutene (BCB) [39].
This process has demonstrated a low-disruptive effect in the
biasing of the active devices due to the very low impedance
of the bias lines. Note the that the inner metal rings that
separate the split ring slots were used as conducting paths

to fabricate the bias lines on top of them. The process con-
sists of depositing and patterning a 5 µm-thick dielectric
layer of photo definable BCB above the substrate’s copper
cladding (1st BCB layer). Next, DC bias lines with trian-
gular open-ended stubs are formed by the deposition of a
copper film (1st copper layer) with thickness of 1 µm with
the subsequent patterning by wet chemical etching. Each of
the triangular open-ended stubs were designed to ensure a
short circuit between the varactor’s anode and the edge of
the ring slot at the center frequencies of the corresponding
passband. On the other hand, all the varactor cathodes are
connected to ground, allowing the connection of each var-
actor in parallel to the respective ring slot. The GaAs tuning
varactor diodes MA46H146 from MACOM R© were used to
load all ring slots of the diaphragm. External connections to
provide independent DC voltage to each diode were made
to ensure the tunable multiband operation. The schematic of
the active diaphragm indicating the DC bias lines for each
varactor and a photograph of the active diaphragm mounted
on the waveguide simulator are shown in Fig. 13(a) and (b),
respectively.

FIGURE 13. Active diaphragm. a) Schematic of the diaphragm for the
waveguide simulator indicating the DC bias lines, and b) fabricated
diaphragm mounted on the WR-90 waveguide cross-section.

This unit cell can be interwoven with other FSS cells in
a two-dimensional periodic array as shown in Fig. 14 by
adding second layers of BCB and copper. Bias lines made
of copper can be deposited on top of the first BCB layer to
provide the required DC voltages (VD1, VD2 and VD3) for
the varactor diodes connected in parallel in each row. For
illustration purposes, three diverse shades of green are used
in Fig. 14 to differentiate the lines to bias the inner, middle,
and outer ring slots, even though all these lines correspond
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FIGURE 14. Biasing network design of interwoven FSS unit cells in a
periodic 2-D array to independently tune each passband.

to the first deposited copper layer. To avoid a short circuit
between bias lines, BCB bridges (2nd BCB layer) with a top
metal strip (2nd copper layer) can be used for crossover using
the same process as the one described in [40].

V. EXPERIMENTAL VALIDATION
The experimental validation was made using the waveguide
simulator technique (WS) [41], [42]. This method provides
the advantage of testing a single unit cell of the AFSS consid-
ering that the metal waveguide walls provide the environment
of an infinite array. Therefore, the scattering of the TE10 wave
on the active diaphragm installed at the WS is analogous to
the scattering of a two TE Floquet waves with an angle of
incidence θ0 = arcsin(λ/2b) on the equivalent infinite AFSS
whose symmetry planes are correctly considered in the WS.
Some of the advantages of this method, as it mirrors the
active diaphragm to form an infinite array of unit cells, are
that it allows one to ignore the diffraction on the borders,
the difference between elements due to fabrication errors, and
the spread in values of the control devices that worsen the
performance of finite size AFSS.

The experimental setup used to characterize the active
diaphragm consists of a vector network analyzer (VNA)
connected to the WS to measure the scattering parame-
ters. The DC biasing is ensured through three independent
DC power supplies connected respectively to each varactor
diode. A photograph of the experimental setup is shown
in Fig. 15(a-b). To evaluate the behaviour of the AFSS, three
operating modes were analyzed: synchronized band tuning,
independent band tuning and two-band tuning. Thus, various
reverse bias voltagesVDi were applied to the diodes in the fab-
ricated diaphragm to evaluate the tuning of the corresponding
resonant frequencies. The scattering parameters |S11| and
|S21|weremeasured for the three operatingmodes. In the first
one, the same varying bias voltages were applied to all three
diodes. In the second one, only the bias voltage of one diode
was varied and the other two bias voltages were kept constant
at VD = 0 V. In the third case, the voltages of two diodes
were locked and varied while keeping the third diode voltage
constant at VD = 0 V. The maximum capacitance value of

FIGURE 15. Experimental setup. a) Photograph of the setup, and b)
fabricated diaphragm installed in the waveguide simulator.

the varactor diode is 65 fF and is ensured for VD = 0 V, while
the minimum capacitance value is 30 fF corresponding to the
maximum reverse voltage of VD = 24 V.

A. SYNCHRONIZED BAND TUNING
The measured scattering parameters |S11| and |S21| of the
active diaphragm for the case of the same reverse bias
voltages applied for all three diodes are shown in Fig. 16.
To observe this synchronized tuning, the bias voltages of 0,
−2,−6 and−24 V were applied. One can observe a resonant
frequency tunable range of 210, 330 and 300 MHz for the
first, second and third resonant frequencies, respectively. The
−10 dB reflection coefficient bandwidths, obtained when
the reverse bias voltages were swept from the minimum to
the maximum voltages, were 495 MHz for the first operat-
ing band, 436 MHz for the second band and 418 MHz for
the third band. Higher insertion loss was also observed at
low reverse bias voltages as expected for varactor diodes.
Table 2 presents the measured insertion loss for the case of
the unbiased diodes at 0 V and the reverse-biased diodes
at 24 V that correspond to the highest and lowest varactor
diode capacitance, respectively. The frequency ranges with
isolation levels better than 15 dB and 20 dB for each of the
two rejection bands are provided in Table 3. To visualize
better in the figure the aforementioned bands, the −10 dB
reflection coefficient bandwidths are shaded in blue, while
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FIGURE 16. Measured scattering parameters of the active diaphragm at
the WS for synchronized band tuning.

TABLE 2. Measured values of insertion loss at minimum and maximum
reverse bias voltages, corresponding to 65 and 30 fF of the varactor’s
capacitance, respectively.

TABLE 3. Measured values of isolation at minimum and maximum
reverse bias voltages, corresponding to 65 and 30 fF of the varactor’s
capacitance, respectively.

the rejection bands with isolation levels better than 15 dB and
20 dB are shaded in yellow and red, respectively.

B. INDEPENDENT BAND TUNING
The second operating mode considers that only one of the
three resonant frequencies needs to be tuned. For the resonant
frequencies that are not tuned, the reverse bias voltages for
the corresponding diodes are set to 0 V. On the other hand,
five different reverse bias voltages equal to 2, 4, 6, 12 and
24 V were applied to the diode that corresponds to the tuned
band. Fig. 17(a)-(c) show the magnitudes of the transmission
and reflection coefficients for the case of tuning only one
resonant frequency while the other two frequencies remain
untuned. It is observed that the tuning of the selected resonant
frequency does not affect either the resonant frequencies or
the bandwidths of the other two untuned bands.

C. TWO-BAND BAND TUNING
The third operating mode affirms that two resonant frequen-
cies are simultaneously tuned while the remaining resonant
frequency is not tuned. The voltages of the two reverse-biased
diodes are set to 2, 6 and 24 V, while the voltage of the
unbiased diode is set to 0 V. The scattering parameters of
the two-band tuning mode are shown in Fig. 18(a)-(c). Still,
the untuned resonance is marginally affected by the tuning of
the other two resonances. However, one can observe a slightly

FIGURE 17. Measured scattering parameters of the active diaphragm at
the WS for independent band tuning, a) tuning of the lower band,
b) tuning of the middle band, and c) tuning of the upper band.

perceptible variation of the untuned second resonance corre-
sponding to the middle ring-slot. This effect can be explained
as this middle ring slot experiences a mutual coupling from
both the inner and the outer ring-slots.

D. MEASURED AND SIMULATED DATA COMPARISON
The measured data was compared with the simulated results
of the AFSS unit cell located in the waveguide’s cross-
section. Therefore, full wave simulations were obtained using
CST Studio Suite for the operating modes reported in subsec-
tions A, B and C . Simulated results obtained with the ECM
using ADS Keysight are also included.

The same equivalent circuit proposed in section III was
used, however some adjustments were considered. Firstly,
the value of Le1 was reduced to 0.477 nH as the period b
of the fabricated unit cell increased. Secondly, the model
of the varactor diode is replaced by a series configuration
(a capacitance connected in series with a resistance) pro-
vided by the diode manufacturer. Finally, the characteristic
impedance of the rectangular waveguide is considered in
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FIGURE 18. Measured scattering parameters of the active diaphragm at
the WS for two-band tuning, a) tuning of the middle and upper bands,
b) tuning of the lower and upper bands, and c) tuning of the lower and
middle bands.

the termination ports. The reference in all subsequent plots
(green lines) correspond to the case when all the reverse
voltages across the varactor diodes in the measurement are
kept constant at 24 V (VD1 = VD2 = VD3 = 24 V),
which is related to the minimum loading capacitance of 30 fF
(Cv1 = Cv2 = Cv3 = 30 fF). The variation is shown
by plots (purple lines) that correspond to the cases when
one or more bias voltages are varied to 0 V, which occurs
when all the ring slots are loaded with the maximum varac-
tor’s capacitance of 65 fF. According to the manufacturer’s
data sheet, the series resistance in the varactor’s model was
set to 1.65 and 3.2 � for the varactor’s capacitance values
of 30 and 65 fF, respectively. Fig. 19(a) and (b) show the
reflection coefficient magnitudes |S11| and the transmission
coefficient magnitudes |S21|, respectively, for the measured
and simulated results of the synchronized tuning operating
mode described in subsection A.

On the other hand, Fig. 20 shows the reflection coefficient
magnitudes |S11| and the transmission coefficient magnitudes
|S21| for the measured and simulated results of the indepen-
dent band tuning described in subsection B. The first case
with loading variation shown in Fig. 20(a-b) corresponds to

FIGURE 19. Comparison of simulated and measured results in the WS for
simultaneous band tuning. a) Reflection coefficient magnitude, and
b) transmission coefficient magnitude.

FIGURE 20. Comparison of simulated and measured results in the WS for
independent band tuning. Lower band tuning: a) Reflection coefficient
magnitude, and b) transmission coefficient magnitude. Middle band
tuning: c) Reflection coefficient magnitude, and d) transmission
coefficient magnitude. Upper band tuning: e) Reflection coefficient
magnitude, and f) transmission coefficient magnitude.

VD1 = 0 V, VD2 = 24 V, VD3 = 24 V, Cv1 = 65 fF, Cv2 =
30 fF, andCv3 = 30 fF. The second case shown in Fig. 20(c-d)
corresponds to VD1 = 24 V, VD2 = 0 V, VD3 = 24 V, Cv1 =
30 fF, Cv2 = 65 fF, and Cv3 = 30 fF. The third case shown
in Fig. 20(e-f) corresponds toVD1 = 24V,VD2 = 24V,VD3 =
0 V, Cv1 = 30 fF, Cv2 = 30 fF, and Cv3 = 65 fF.
Next, Fig. 21 shows the comparison of the dual band

tuning described in subsection C . The first case with loading
variation shown in Fig. 21(a-b) corresponds to VD1 = 24 V,
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FIGURE 21. Comparison of simulated and measured results in the WS for
dual band tuning. Middle and upper band tuning: a) Reflection coefficient
magnitude, and b) transmission coefficient magnitude. Lower and upper
band tuning: c) Reflection coefficient magnitude, and d) transmission
coefficient magnitude. Lower and middle band tuning: e) Reflection
coefficient magnitude, and f) transmission coefficient magnitude.

TABLE 4. Comparison with dual-band/tri band tunable AFSSs.

VD2 = 0 V, VD3 = 0 V, Cv1 = 30 fF, Cv2 = 65 fF, and Cv3 =
65 fF. The second case shown in Fig. 21(c-d) corresponds to
VD1 = 0 V, VD2 = 24 V, VD3 = 0 V, Cv1 = 65 fF, Cv2 =
30 fF, and Cv3 = 65 fF. The third case shown in Fig. 21(e-f)
corresponds to VD1 = 0 V, VD2 = 0 V, VD3 = 24 V, Cv1 =
65 fF, Cv2 = 65 fF, and Cv3 = 30 fF. A reasonable agreement
between simulated and measured results was obtained. The
discrepancies can be attributed to fabrication tolerances and
the spread in capacitance values in real varactor diodes.

Finally, the present work is compared in Table 4 with other
multiband tunable FSS works reported in the literature. One
can observe that with the proposed approach, the frequency
ratios of the contiguous center band frequencies are smaller
than other previous works, ensuring the close band operation
of the multiband FSS.

VI. CONCLUSION
In this paper, a triband AFSS unit cell based on concentric
loaded split ring slots with independent band tuning using
the third resonant mode has been investigated in this paper.
The novelty is the usage of the third resonant mode of the
split ring slot resonators, instead of the fundamental resonant
mode, for a tunable multiband AFSS with closely spaced
frequencies. This third mode allows the reduction of the
mutual coupling between the densely packed resonators to
ensure independent band tuning. The reactive loading with
varactor diodes at the proper locations within the split ring
slots ensures the efficient tuning capability of the AFSS.
The design of the required conducting paths for biasing the
three active devices independently in the unit cell allows low
disruption inmicrowave frequencies. As a result, a triple band
AFSS unit cell based on varactor-loaded split ring slots, opti-
mized for independent band tuning operation and close band
responsewas presented. The operation of an active diaphragm
with independent band tuning capabilities in X-band has been
demonstrated. Unbiased varactor diodes provide resonant fre-
quencies at 8.53, 9.70 and 11.47 GHz with insertion loss
of 1.1, 2.3 and 2.4 dB, respectively, while the reverse-biased
diodes with maximum voltages ensure resonant frequencies
at 8.74, 10.03 and 11.77 GHz with insertion loss of 0.8,
1.4 and 1.7 dB, respectively. Tuning ranges of 210, 330 and
300 MHz for the first, second and third resonant frequencies
were obtained, respectively. The −10 dB reflection coeffi-
cient bandwidth for the first, second and third bands are 495,
436 and 418MHz, respectively. Close band response was also
achieved with frequency band ratios of 1.18 and 1.14 for the
third to the second resonance, and for the second to the first
resonance, respectively. It is shown that the proposed tunable
tribandAFSS unit cell has good performance in terms of close
band spacing and frequency tunability with reasonable levels
of transmission loss.
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